We developed a new method to determine the absolute amount of adsorption. This method relies on the excess adsorption isotherm and density profile in the pore of one material. The simplified local density (SLD) model was introduced to compute the density profile and simplify the complex calculation of obtaining the absolute amount of adsorption. The SLD can accurately simulate the adsorption of supercritical methane on shale. The corresponding application of our method on the adsorption of methane on shale and AX-21 activated carbon was introduced. The absolute isotherms of adsorption calculated with our method were reasonable when compared to results using other methods.
INTRODUCTION
Research on the adsorption of supercritical fluid (SCF) has attracted the interest of investigators for a long time because the adsorption of SCF has numerous vital applications, such as natural gas storage, hydrogen storage, the separation and purification of lower hydrocarbons and supercritical fluid extraction (SFE). Many researchers have studied the adsorption of SCF with various theoretical methods and experiments. Rangarajan et al. developed the simplified local density (SLD) theory to model the adsorption over large pressure ranges, which has no computationally intensity (Rangarajan et al. 1995) . Aranovich and Donohue calculated the adsorption isotherms of SCF with Ono-Kondo theory, and the model reflects a maximum adsorption with increasing pressure Donohue 1996, 1997) . They also found that the adsorption of SCF has a two-layer characteristic. Murata and Kaneko determined the absolute amount of high-pressure adsorption of supercritical methane by iteration procedures using the mean density of the adsorbed phase and the Langmuir equation (Murata K. and Kaneko K. 2000) . Zhou et al. confirmed the reversibility of physical adsorption for supercritical methane on active carbon and developed a method to describe the absolute adsorption with the Dubinin-Astakhov equation and the limiting condition of supercritical adsorption Zhou Y. 1996, 1998; Zhou L. et al. 2000; Zhou L. et al. 2001 ). Kaneko and Murata researched the micropore filling of supercritical gas by replacing the saturated vapour pressure with the quasi-saturated vapour pressure in the DubininRadushkevich equation (Kaneko K. and Murata K. 1997 ). Tan and Gubbins investigated the adsorption behaviour of gases at temperatures above the critical value with nonlocal density functional theory (NLDFT) and a grand canonical Monte Carlo (GCMC) simulation and studied the influence of temperature and pore size on excess adsorption isotherms (Tan and Gubbins 1990) . Heuchel et al. predicted the adsorption of the pure-component and binary mixtures of methane and carbon dioxide on active carbon with GCMC, and good agreement with experimental results was obtained (Heuchel et al. 1999 ). Talu and Myers modelled the adsorption of supercritical gas with a molecular simulation, and they argued that the absolute simulation variables must be converted to excess variables to compare simulations with experimental data (Talu and Myers 2001) . Travalloni et al. developed a cubic equation of state based on the generalized van der Waals theory to describe the behaviour of pure fluids and mixtures, and this model can describe and predict different types of excess adsorption isotherms at low pressure (0-3.2 MPa) (Travalloni et al. 2010 ). However, they did not investigate how to calculate the absolute isotherm with the excess isotherm. Castro et al. established an extension of the 2D SAFT-VR approach (Martínez et al. 2007 ) and presented a specific application to predict gas adsorption isotherms on dry activated carbon, which predicted the absolute isotherm of pure methane adsorption on dry activated carbon with a higher precision (Castro et al. 2011) . Although abundant research on SCF exists in many fields, we will not list all of the studies due to space constraints.
Over the past few decades, several methods have been developed to research the adsorption of SCF on many materials; however, the mechanism of supercritical gas adsorption is still not entirely established because of a lack of abundant and accurate experiment data and a complete theory. Therefore, the state and structure of an adsorbed phase are not sufficiently understood, and the density and volume of the adsorbed phase are not accurately known. Naturally, the absolute amount of adsorption cannot be calculated without the correct theory. However, some researchers attempted to investigate the relation between the absolute adsorption and excess adsorption. Murata and Kaneko calculated the absolute amount of adsorption of supercritical methane using the mean density of the adsorbed phase, which is determined by the excess adsorption isotherm (Murata K. and Kaneko K. 2000) . This method completely removed the maximum of the excess isotherms. However, during the calculation, they assumed that the absolute adsorption isotherm is a Langmuir type to acquire two important parameters, and whether the Langmuir equation can accurately describe the absolute adsorption of SCF, especially high-pressure adsorption of SCF, remains unclear. Therefore, this method has a clear defect. They also obtained the absolute amount of adsorption in their previous research by assuming that the adsorbed phase acts as a liquid and has the liquid density (Murata K. and Kaneko K. 2000) ; however, the method fails to provide the monotonous adsorption isotherms for a liquid density that is considerably larger than the true density of the adsorbed phase. Nikolaev et al. and Reich et al. tried to improve the method of regarding the adsorbed phase density as the liquid density; they assumed that the adsorbed phase consists of molecules with the Van der Waals exclusion value b; however, these attempts were unsuccessful (Nikolaev et al. 1958; Reich et al. 1980) . Salem et al. and Neimark et al. calculated the absolute amount of adsorption by presuming that the volume of the adsorbed phase is equal to the pore volume (Neimark et al. 1997; Salem et al. 1998 ). They obtained a monotone adsorption isotherm for porous materials, but the method cannot be applied to non-porous materials. Additionally, treating the pore volume as the volume of the adsorbed phase is also not an ideal solution. Myers and Monson attempted to find a link between the absolute adsorption and excess adsorption by acquiring the accurate void volume of an experimental system, but this volume cannot be acquired precisely by experiments (Myers and Monson 2002) . Do D. D. and Do H. D. proposed a method to use the integration of a pore volume distribution to calculate the adsorbed phase volume, and they treated the radius of the pore, instead of the radius of the adsorption density, which differs from the bulk density, as the limit of integration (Do D. D. and Do H. D. 2003) . However, how to obtain the correct value of the radius for different temperatures and pressures remains unclear; thus, this method is a technological problem.
To date, there is still no a proper way to calculate the absolute adsorption of SCF. Although the absolute amount of adsorption may be obtained by combining calorimetric and dielectric measurements now, a complex process is required to achieve the final result (Keller et al. 2003) . The integral heat of adsorption and the electric dipole moment (P) of the sorptive/sorbent/sorbate system inside the anelectric capacitor must be measured, and a cumbersome thermodynamics calculation is required. Therefore, the experimental approach cannot be applied to engineering extensively because the adsorption isotherms of a large number of materials cannot be obtained rapidly with a high precision with this method.
Hence, a better or more appropriate approach to succinctly obtain the absolute amount of adsorption for engineering purposes is needed. In this paper, we describe a method to calculate the absolute amount of SCF adsorption and apply it to organic-rich shale.
THE METHOD TO CALCULATE THE ABSOLUTE AMOUNT OF ADSORPTION 2.1. Excess Adsorbed Amount and Absolute Absorbed Amount
According to the definitions of excess adsorption and absolute adsorption, excess adsorbed amount and absolute adsorbed amount have the respective expressions, as follows:
Where n ex is the excess adsorbed amount, n abs is the absolute adsorbed amount, V ads is the volume of adsorbed phase, ρ(r) is the density profile of adsorbed phase, ρ bulk is the density of bulk fluid. Obviously ρ bulk is constant, so we can get the relationship between excess amount and absolute amount:
(3) Fig.1 shows the relation between excess adsorption amount and absolute adsorption amount. Part A represents excess amount, part A and B express absolute amount. 
Method
We can calculate the absolute adsorbed amount through Eq. (3) under the precondition of having an excess adsorbed amount and the volume of adsorbed phase. The excess amount of adsorption can be obtained by the adsorption experiment, and the value of V ads must be determined to acquire the absolute mass. We assume that volume of adsorbed phase for unit mass has the following expression: (4) where S A is the specific surface area of one material and H is the thickness of the adsorbed phase. According to Fig. 1 , the value of H is located at the interface between the adsorbed phase and bulk phase. Hence, we can obtain the value of H by solving the equation (5) There are two cases in the pore of the adsorbent for different temperatures and pressures. One case is that the density of the fluid is greater than the bulk density at one place and is less than the bulk density at another place in the pore under the same temperature and pressure. In this case, Eq. (5) has a solution. The other case is that the density of the fluid is larger than the bulk density everywhere in the pore at the same temperature and pressure, which means that Eq. (5) (5), and we must choose an appropriate value if the solution is not unique. The details will be discussed later. For the second case, the thickness of the adsorbed phase is half of the pore diameter.
Next, we discuss how to distinguish the situations that belong to the cases in the pore for each temperature and pressure. Our method to differentiate each situation has 3 steps. The first step is to obtain the density profile under several temperatures and pressures by theoretical calculation and the minimum of each density profile and then find the relation between the minimum density and pressure through data fitting. In the second step, we obtain the link between the bulk density and pressure by data fitting. The third step is to achieve the intersection of the two curves that have been obtained by the corresponding equations acquired by steps 1 and 2. At this moment, two cases may exist (Figs. 4 and 5) . For the first case (Fig. 4) , Eq. (5) has no solution when the pressure is below the pressure of intersection. Therefore, the value of H is half of the pore diameter for pressures that are lower than the pressure of intersection and can be determined by solving Eq. (5) for the case where the pressure is greater than the pressure of intersection. This result is opposite of the result of the second case (Fig. 5) . Once the intersection has been determined, we can obtain different values of H for different pressures under the same temperature. Additionally, the specific surface area can be obtained precisely with the current method. Thus, we can calculate the volume of the adsorbed phase through Eq. (4). We can then determine the absolute amount of adsorption.
To calculate the absolute amount of adsorption, it is important to obtain the density profile for the adsorbed phase. It is not possible to obtain the density distribution under the current experiment technology. However, some theories can be used to calculate the density profile reasonably, such as molecular simulation, density functional theory (DFT), NLDFT and SLD theory. Molecular simulations, DFT and NLDFT can more accurately imitate the adsorption characteristics of materials and obtain the density profile than SLD, but they are computationally complex and time consuming (Gubbins et al. 1997) . It was proven that the SLD model can reflect the characteristics of high-pressure adsorption for SCF with a higher precision, which has no computational intensity. Additionally, the time consumed is less than the other methods, and the SLD model can serve as an engineering method to model the adsorption of SCF and acquire the density distribution Gubbins et al. 1997; Chen et al. 1997; Yang et al. 2006) . Therefore, we choose SLD theory to accomplish our work. The SLD model and the method used to calculate the density distribution for one material are discussed in Section 2.3.
SLD model
SLD model assumed that the adsorbent consists of a rectangular shape slit pore and the adsorbate molecular resides in the slit pore (Fig.6) . The distance between the two slit surfaces is L, and a molecule's position is Z in the slit pore and the position is perpendicular to surface of slit pore. When the interaction between adsorbent molecular and adsorbate molecular reaches the equilibrium state, the chemical potential of Z-position is composed of fluid-fluid and fluid-slit pore surface and equal to bulk fluid's chemical potential (Rangarajan et al. 1995) : (6) The chemical potential can be calculated by fugacity: Where R is the gas constant; T is the absolute temperature in Kelvin; μ bulk is the chemical potential of bulk gas; μ ff (z) is the chemical potential of gas-gas at Z position; μ fs (z) is the chemical potential of gas-wall at Z position; f 0 is the fugacity at reference state; μ 0 (T) is the chemical potential at reference state; f bulk is the bulk gas's fugacity; and f ff (z) is the fugacity of gas-gas at Z position.
The chemical of interaction between fluid molecular and adsorbent molecular are given as:
Where Na is Avogadro's number, is potential. The potential of fluid-solid interaction, fs (z) can be calculated by the following equation (Chen et al. 1997; Chareonsuppanimit et al. 2012) : (10) Where n is the number of adsorbent plane atoms per unit area, ε fs is the gas-solid interaction energy parameters, σ ss is the absorbent interplanar distance, σ fs is the distance interaction of adsorbate molecule and adsorbent molecule, in general σ fs = (σ ff + σ ss )/2, and σ ff is the molecular diameter of gas.
Substituting Eq. (7), (8) and (9) into Eq. (6) acquires the equilibrium equation of adsorption:
Where k is Boltzmann constant; k = 1.3806505 × 10 -23 J/K The Peng-Robinson equation of state (EOS) is more appropriate to reflect the repulsive force of fluid molecular (Peng et al. 1976 ), so we calculated the fugacity of adsorbate with PengRobinson EOS. (12)
Where p is the pressure, ρ bulk is the density of bulk gas, p c is the critical pressure, and T c is the critical temperature (Kelvin).
Here we choose Gasem's method to calculate α(T) (Gasem et al. 2001 ):
A, B, C, D and E are related parameters, and their value is 2.0, 0.8145, 0.134, 0.508, and -0.0467 respectively. The value of the acentric factor ω is 0.0113 for methane (Peng et al. 1976 ). The fugacity of adsorbed gas phase can be calculated by the equation (Fitzgerald et al. 2003; Hasanzadeh et al. 2010) : (17) The covolume b needs to be adjusted for describing the repulsive interaction of adsorbed fluid under high pressure. Then the equation (17) becomes: We used the expression introduced by Chen et al. to obtain a ads (z) (Chen et al. 1997) . By combining equations from (6) to (19), we can compute the density profile ρ(z). According to the definition of excess adsorption the adsorption capacity of the materials can be calculated as follows: (20) Where A is the specific surface area, x 0 and x 1 are respectively limits of the integral. In this paper x 0 equals to σ gg /2 and x 1 equals to L -σ gg /2 as we consider that the gas molecules can be infinitely be close to the wall of the slit pore.
Generally there are six variables in this model, which are slit pore width L, specific surface area A, the fluid-solid interaction energy parameter ε fs , the absorbent interplanar distance σ ss , the molecular diameter of fluid σ ff and the number of adsorbent plane atoms per unit area n. Hence we can achieve the density profile at specific temperature and pressure if we obtain the value of those parameters for one material.
APPLICATION TO THE ADSORPTION OF SUPERCRITICAL METHANE ON SHALE 3.1. Adsorption Isotherms for Shale
Organic shale contains more organic materials and has a higher adsorption capacity than nonorganic shale. Therefore, organic shale is more advantageous than non-organic shale in terms of testing its amount of adsorption. In addition, organic shale may contain a considerable amount of natural gas (shale gas) under the ground, so researching the adsorption mechanism of organic shale can promote the development of shale gas. Our research field is also the mechanism of gas adsorption and desorption on shale, so we chose the shale sample to test our model.
The experimental sample of shale used in the adsorption experiments was taken from the Longmaxi Formation in the Southern Sichuan Basin of China, and the basic parameters of the shale are listed in Table 1 . Based on the volumetric method, we acquired the isotherms of the shale with the AST-2000 adsorption instrument at 30°C and 40°C. The corresponding experimental steps can be found in Zuo et al. (2014) , and the adsorption isotherms are presented in Fig. 7. 
SLD Parameters for Shale
We fitted the sorption isotherms, and the relevant SLD parameters of fitting are shown in Table 2 . The SLD model can represent the adsorption of methane on shale precisely (Fig. 7) , which suggests that the SLD parameters obtained by fitting are reasonable; that is, these parameters in the SLD model can present the characteristics of this shale sample with a higher precision. Below, we use the slit width and specific surface area acquired by fitting with the SLD model to calculate the density profile and absolute amount of adsorption.
Absolute Adsorption
In this section, we will present the application to acquire the absolute adsorption isotherms. According to our method of calculating the absolute amount of adsorption, the most important task is to obtain the thickness of the adsorbed phase, which relies on a given density profile for different temperatures and pressures. In section 3.2, we obtained the SLD parameters of methane adsorption on the shale sample; thus, we can calculate the density profile by combining Eqs. (6)- (19) for different temperatures and pressures.
As an example, we attempt to obtain the absolute adsorption isotherm of methane on the shale sample at 30°C. First, we calculate the density profile for each point of pressure to correspond to the pressure point of the adsorption isotherm tested by the experiment and obtain the minimum densities of each density profile. The bulk density for each pressure at 30°C is acquired through the National Institute of Standards and Technology (NIST). Second, with fitting, we obtain a trend to vary with the pressure of the minimum density and bulk density and then obtain the intersection of the two lines (Fig. 8) . Figure 8 shows that the bulk density is less than the minimum density of the density profile for the entire pressure range in the adsorption experiment. Therefore, the thickness of the adsorbed phase is half of the diameter of the pore for each pressure point. According to Section 2, we obtain the absolute isotherm at 30 °C based on the excess isotherm at 30°C (Fig. 9) . We can obtain the absolute isotherm at 40 °C in the same manner (Fig. 9 ).
RESULTS AND DISCUSSION
The density profile is applied to obtain the absolute isotherm, and the absolute amount of adsorption can be obtained with Eq. (2) in theory. However, some researchers may ask why we do not directly use Eq. (2) with a given density profile. The answer is because we cannot currently obtain the density profile accurately even with the most advanced theory. Additionally, it is difficult to determine the limit of integration of Eq. (2), and it will have no association with the precise data of the excess adsorption that comes from experiments for the calculation of the absolute isotherm with Eq. (2). Hence, obtaining the absolute amount of adsorption with Eq. (2) may not be the best approach. Researchers typically calculate the absolute isotherm with Eq. (3), which is the approach taken here. Although the pore size distribution of shale is wide and the shape of pore also varies, during the calculation, we regard the pore of the shale as the same slit pore. Here, we adopt a concept of equalization. The SLD can represent the adsorption of methane on the shale sample with high accuracy (Fig. 7) ; thus, all of the parameters obtained by the SLD model representing the adsorption of methane on the shale sample can synthetically describe the adsorption character of this material. The slit pore and specific surface area calculated by fitting are then used to find the absolute isotherm. The result can correspond closely to the experimental data.
To test this method, we also take applications on AX-21 activated carbon and acquire the absolute isotherms (Fig. 10) . These absolute adsorption isotherms (Fig. 10) are monotonically increasing and remove the maximum of the excess adsorption isotherms. We compare our result with the absolute amount of adsorption calculated by assuming that the volume of the adsorbed phase is the pore volume, the density of the adsorbed phase equals the density of the liquid and the absolute isotherm of methane on AX-21 comes from Murata K. and Kaneko K. (2000) (Figs. 11 and 12 ). These methods to calculate the absolute amount of adsorption can remove the maximum of the excess isotherms and can acquire the monotonic adsorption isotherm, but the method takes the pore volume as the volume of the adsorbed phase. Treating the adsorbed phase as liquid-like can find the monotone curve, but this method cannot be applied to the calculation of the absolute adsorption because we cannot obtain a monotonic adsorption isotherm for a lower temperature (Figs. 13 and 14) . Furthermore, the adsorbed phase cannot be assumed to be liquid-like for supercritical methane. In addition, the pore volume method presented above cannot be used to find the absolute adsorption isotherm because it can barely obtain the appropriate data (Figs. 13 and 14) . Although Katsuyuki Murata's method can be used to calculate the absolute amount of adsorption, the physical background of the computation process is undefined (Murata K. and Kaneko K., 2000) . Litao Luo/Adsorption Science & Technology Vol. 33 No. 10 2015 Generally, our method has a stronger physical mean, and the outcomes obtained by this method also provide reasonable isotherms of the absolute adsorption. Additional work to determine the accuracy of our method requires a series of experiments or a theory to obtain the absolute amount of methane adsorption on shale and AX-21 activated carbon precisely, which will be addressed in future work. 
CONCLUSIONS
In the paper, we developed a new method to calculate the absolute amount of adsorption. This method has a clearer and more reasonable method to obtain the volume of the adsorbed phase than assuming that the volume of the adsorbed phase is the pore volume and regarding the density of the adsorbed phase as the density of the liquid. In addition, the process to obtain the absolute amount of adsorption with our method is more logical than the approach of Murata K. and Kaneko K. (2000) . SLD can accurately match the excess adsorption isotherm, so we can provide the absolute isotherm by considering a precise density profile in the pore of one material acquired by the SLD model and the concept of equalization, which means obtaining the same pore size and specific surface area through the SLD model representing the excess adsorption isotherm. Based on a comparison of the results from three other methods to calculate the absolute isotherm, our results are reasonable, and our method can be applied to larger temperature ranges.
